This paper proposes an interleaved high step-up converter with different soft-switching snubbers for PV energy conversion applications. For the high step-up converter, interleaved and coupled-inductor technologies are used to reduce output ripple current and increase output power level. Simultaneously, two types of snubbers, a single-capacitor snubber and boost type snubber, are introduced separately into the discussed converters for comparing their performances of conversion efficiency and switching losses. For drawing maximum power from the PV arrays, a perturbation-and-observation method realized with the microcontroller is adopted to achieve maximum power point tracking (MPPT) algorithm and power regulating scheme. Finally, two prototypes of the interleaved coupled-inductor boost converter with a single-capacitor snubber and with boost type snubber are implemented, respectively. The experimental results obtained are used to verify and compare the performances and feasibilities of the discussed converters with different snubbers in PV conversion applications. The experimental results show that the proposed system is suitable for PV energy conversion applications when the duty ratios of switches of the converter are less than 0.5.
Introduction
In recent years, in order to offer enough energy to maintain the economic development of the world, one of the solutions is the solar energy which is a totally inexhaustible and completely clear energy source. However, due to the instability and intermittent characteristics of solar energy, photovoltaic (PV) power conversion systems with power converter and maximum power tracking algorithms are needed to convert solar energy into electrical energy and provide stable power output. With the rapid growth of power electronics techniques, the conversion efficiency of PV power conversion system has been increased obviously [1, 2] . Recently, PV power conversion systems are well recognized and widely used in electric power conversion system, such as PV power generation for grid connection, PV vehicle constriction, battery charger, water pumping, and satellite power conversion system.
To extract power from PV arrays, power converter is used in PV power conversion systems. In order to obtain the maximum power from PV arrays and thus increase utility rate of PV arrays, switching-mode converter must be operated at the maximum power point (MPP) of PV arrays, resulting in its output voltage without keeping in the desired dc constant voltage. Therefore, a switching-mode one with battery source in parallel is used for keeping the output voltage in the desired dc constant voltage, as shown in Figure 1 (a). In Figure 1 (a), dc voltages provided by the proposed PV power conversion system can be supplied to dc loads of dc/ac inverters for grid-connected power conversion system [3] [4] [5] [6] [7] [8] and dc/dc converter for dc load [9] [10] [11] [12] [13] . In grid-connected power conversion system applications, control of power converters has to be taken into consideration. In [4] , three different control topologies have been proposed according to the number of power processing stages. Since the multistage topology, as shown in Figure 1 (b), possesses a better control performance of each DC/DC converter, it is adopted in the proposed PV power conversion system. Therefore, the PV power conversion system consists of a switching-mode converter for maximum power point tracking (MPPT) of PV arrays and a switching-mode converter for voltage regulation of dc load under the control of multistage topology.
In the MPPT algorithm research, several MPPT algorithms have been proposed [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Some of the popular MPPT algorithms are constant voltage method [14, 15] , system oscillation method [16, 17] , ripple correlation method [18] , method [19] , incremental conductance method [20] , and perturbation-and-observation method [21] [22] [23] . Under the consideration of simplicity and easy implementation, the perturbation-and-observation method is adopted and used in the proposed PV power conversion system. For PV arrays, since output voltage PV of the PV arrays is in a low voltage level, the DC/DC converter with a higher step-up voltage ratio is needed [24] [25] [26] [27] [28] . In [24] , the voltage-fed converters are not the optimal candidates for high step-up applications because they usually have a buck type configuration and (or) LC filter in the secondary rectification circuits. With this circuit structure, it results in a large transformer turns ratio, which makes the transformer design complex and leads to a large leakage inductance. Compared with the voltage-fed converters, the current-fed converters [25] [26] [27] and the coupled-inductor converters [28] are preferable choices for high voltage conversion ratio applications. Although the current-fed converters are adopted in the PV power system, they are also used as a voltage doubler or multiplier to increase the step-up voltage ratio. When the converters adopt the voltage doubler or multiplier, capacitors of the voltage doubler must be special capacitors with a low equivalent series resistance (ESR), high current ripple rating (CRR), and high operational bandwidth. Therefore, it is only suitable for using in the low power level applications. In [28] , a high step-up converter achieved by a coupled inductor is presented. Compared with converters using an isolation transformer to obtain the high step-up voltage ratio, the one using the coupled inductor has a more simple winding structure and higher coupling coefficient. It not only reduces inductor currents to ensure a lower conduction loss but also decreases leakage inductance to attain a lower switching loss. Therefore, the boost converter with the coupled inductor is used in the proposed system.
For further increasing the power capability of the converter, the boost converter used in the proposed system is constructed in an interleaved manner [29] [30] [31] [32] [33] . Moreover, PWM ICs with two gate signals are used to drive switches of the interleaved converter. Since the voltage fed type of input sources are used in the converters and it is difficult to obtain a special PWM IC with duty ratio greater than 0.5 (≥0.5), PWM ICs with duty ratio within 0.5 are used to control the switches in the discussed boost converters. Therefore, the operation of the proposed converter is constrained under duty ratio of 0.5.
When a coupled inductor boost converter is used in the PV power conversion system, the energy trapped in the leakage inductor of coupled inductor not only increases voltage stresses but also induces switching lossless of switches in the converter, significantly. In order to solve these problems, several methods have been proposed [34] [35] [36] . In [34] , a resistorcapacitor-diode (R-C-D) snubber is used to alleviate voltage stresses of switches by dissipating the energy trapped in the leakage inductor through the resistor, reducing the conversion efficiency of the converter. Therefore, a passive lossless circuit proposed in [35] is adopted to reduce voltage spike across switches. Its schematic diagram with the interleaved manner is shown in Figure 2 . Although converters with a passive lossless circuit can improve conversion efficiency, active switches are still operated in hard switching at turnon transition. In [36] , an active clamp circuit is introduced to achieve zero-voltage switching (ZVS) and increased its conversion efficiency. However, the disadvantage of the active clamp circuit is that it is difficult to implement soft-switching features at light load for the boost converter. In order to solve this problem, a boost type snubber is inserted into the active clamp boost converter with coupled inductor, as shown in Figure 3 . It can improve conversion efficiency of the boost converter at light load, significantly. Due to the complexity of circuit structures shown in Figures 2 and 3 , they are, respectively, simplified by [37] and [38] and are shown in Figures 4(a) and 4(b). In this paper, performance comparisons between the discussed converters with the single-capacitor snubber and with boost type snubber are proposed.
Control Algorithm of the Proposed Converter
When a switching-mode dc/dc converter is adopted as their power processor for extracting power from PV arrays and converting the power into dc voltage supplied to dc loads, a proper power management system for managing the power is needed in the PV power conversion system. In the following, the circuit topology of the proposed converter power conversion system, MPPT algorithm, and power management are described.
Circuit Topology of the Proposed Converter.
The proposed PV power conversion system uses PV arrays as one of its power sources. For increasing the utility rate of the PV arrays, the PV arrays have to be operated on their maximum power. Therefore, as shown in Figure 5 , a PV power conversion system constructed of a switching-mode converter with PV array sources, a switching-mode converter with battery source, and a controller is proposed. In the proposed PV power system, the two dc/dc converters are realized by an interleaved coupled-inductor boost converter with singlecapacitor snubber shown in Figure 4 (a). The one with PV arrays source uses MPPT control algorithm for extracting the maximum power from PV arrays. The other with battery source uses voltage regulation control method to regulate powers between PV arrays and loads and to generate a constant output voltage supplied to dc loads. As shown in Figure 5 , controller constructed by MPPT unit, power management unit, and PWM IC unit is used to control the dc/dc converter with PV array source for determining the MPP of PV arrays by the perturbation-and-observation method described in [21] [22] [23] . There are two signals generated by the power management, control signals 1 and . Control signal 1 is used to regulate output powers of switching-mode converter with MPPT control algorithm. Control signal is generated according to the relationships between the maximum power PV(max) of PV arrays and power of load . Based on the control signal and the output , PWM IC unit generates control signal 2 with voltage regulation control method for obtaining constant output voltage. Protections are considered and implemented by microcontroller. The protections include over-current, over-voltage, and over-temperature protections of the two converters and undercharge of battery. Therefore, the proposed PV power conversion system can be used to achieve the optimal utility rate of PV arrays.
Power Management.
The power of PV arrays is supplied to the load through the proposed interleaved boost converter. The power management of the proposed power conversion system is implemented by a microcontroller and is used to regulate the power of PV arrays and output power. According to relationships among the powers of PV ,
, and , operational modes of power management can be divided into 8 modes and are illustrated in Table 1 . Power PV is output power of switching-mode converter with PV arrays as its power source, is that of switching-mode converter with battery as its power source, and is power of load. Moreover, "1" represents that the power is generated by switching-mode converter or is required by load, while "0" represents that the power is not generated by switching-mode converter or is not required by load. According to the operational modes illustrated in Table 1 , PV power conversion system is shut down in operational modes of I, II, III, V, and VII. Therefore, operational modes IV, VI, and VIII are described as follows.
Operational Mode IV.
In mode IV, the switching-mode converter with battery is used to supply power to the load. Once the condition of > (max) is reached or energy stored in battery is completely discharged, the proposed converter is shut down.
Operational Mode VI.
In mode VI, the switching-mode converter with PV arrays as its power source is used to supply power to load. When power of PV(max) is equal to or greater than that of , power curve of PV arrays follows that of load. Once PV(max) < , the proposed converter is shut down.
Operational VIII.
When PV power conversion system is operated in mode VIII, the interleaved boost converter supplies power to load, as shown in Figure 6 . During this operational mode, ( PV(max) + (max) ) must be equal to or greater than . If ( PV(max) + (max) ) < , the proposed PV power conversion system is shut down. When ( PV(max) + (max) ) ≥ , the operational condition can be further
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Figure 2: Schematic diagram of interleaved coupled-inductor boost converter with lossless turn-off snubber.
Boost type snubber 1 snubber 2 M S1 M S2 Figure 3 : Schematic diagram of interleaved coupled-inductor boost converter with boost type snubber. divided into two cases: PV(max) ≥ and PV(max) < . In the following, the two cases are briefly described.
(1) (max) ≥ and (max) < . When PV(max) ≥ and (max) < , the switching-mode converter with battery source is shut down, causing the output power PV of PV arrays to be equal to , as shown in Figure 6 (a). Hence, the switching-mode converter with PV arrays source is operated in voltage regulation mode to supply the desired dc voltage to load.
(2) (max) < and (max) < . When PV(max) < and (max) < , the switching-mode converter with PV array source is operated at the MPP of PV arrays to extract the maximum power from the PV arrays. On the other hand, the one with battery source is used to sustain the desired dc voltage. Power curve for operational mode VIII under PV(max) < and (max) < is shown in Figure 6 (b). From Figure 6 (b), it can be seen that is the sum of PV and .
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Single-capacitor snubber 
Figure 4: Schematic diagram of interleaved coupled-inductor boost converter (a) with a single-capacitor snubber and (b) with boost type snubber.
Control Design of the Proposed PV Power Conversion System
As shown in Figure 7 , controller of the proposed power conversion system consists of two major units, the microcontroller and the PWM IC units. The microcontroller is further divided into the MPPT unit and the power management unit. In the following, functions of each block will be described briefly.
The MPPT Unit.
The MPPT unit uses the perturbationand-observation method to track MPPT of PV arrays and to decide the maximum power PV(max) of PV array, resulting in the output power of for further power management.
The Power Management Unit.
In the power management unit, the maximum discharging current (max) of battery is set for obtaining the maximum battery discharging power (max) of (max) . Based on the output power of MPPT unit , the maximum battery discharging power, and the load power of , comparator number 1 determines the relationships between ( PV + (max) ) and . There are two relationships to be discussed.
Case I: (
, control signal 1 of comparator number 1 is in the low level, causing further comparison of and in comparator number 2. If ≥ , the low level output signal 1 of comparator number 2 makes the power selector to set the power set to be equal to . Once < , output signal 1 of comparator number 2 becomes a high level and causes the power selector to set the power set to be equal to . Then, in the reference current block, the power set and the reference voltage ref are used to calculate the reference current for obtaining the current error value Δ (= − ) with output current of the proposed converter with PV array source, , in the current error amplifier.
In the PWM generator of PV array, control signals 1 and 2 are obtained by comparing current error value Δ with triangular wave generated by the PWM generator of PV arrays. The control signals 1 and 2 are used to drive switches 1 and 2 of the proposed converter with PV array source for controlling power flowed from PV arrays to load.
Case II:
( PV + (max) ) < . When ( PV + (max) ) < , control signal 1 of comparator #1 is in the high level, causing both of PWM generators of PV array and battery to be shut down. The power management unit also includes functions of protection, which are over-voltage, over-current, under-voltage, and undercharge protections. As shown in Figure 7 , there are six input signals to the protection controller, (max) The proposed boost converter with batteries
The proposed boost converter with PV arrays ( ref −
). The voltage error value Δ is then sent to PWM generator of battery to be compared with triangle wave generated by PWM IC for obtaining PWM signals 1 and 2 . Signals 1 and 2 are used to control switches 1 and 2 for regulating powers between PV arrays and load. Similarly, the PWM generator of battery can be shut down either by signals 1 or 2 .
Experimental Results
To verify performances of the proposed PV power conversion system, dc/dc converters realized by the interleaved coupledinductor boost converter with single-capacitor snubber and boost type snubber for generating dc voltage of 400 V for dc load applications were implemented with the following specifications.
(A) The proposed boost converter with PV arrays is as follows. According to designs and specifications of the proposed boost converters with the single-capacitor snubber, components of power stages in the proposed one are determined as follows.
(i) Switches 1 , 2 , 1 , and 2 : IRFP260N.
(ii) Diodes 1 , 2 , 1 , and 2 : HFA08TB120 × 2 (connected in series). To verify performances of the high step-up converter applied to the PV power system, some of important comparisons have been made and listed in Table 2 . It can be seen from Table 2 that the proposed boost converter with the singlecapacitor snubber has less component counts, lower cost, and easier control circuit, while the proposed one with boost type snubber has more component counts, higher cost, more complexity control circuit, and high conversion efficiency. They are suitable for middle or high power level applications. In addition, although the high step-up converters proposed , and waveforms of the proposed PV power conversion system using the single-capacitor snubber operated in mode VI under = 600 W.
in [25, 27] have higher conversion efficiency, they are only applied to low or middle power level applications.
Moreover, hardware dimension of each DC/DC converter is about 210 × 297 mm. In order to verify the feasibility of the proposed boost converter with battery source, measured voltage and current waveforms of switches are shown in Figures 8 and 9 . Figure 8 shows those waveforms of switches 1 and 2 under 50% of full-load condition when the proposed one adopts the single-capacitor snubber, while Figure 9 shows those waveforms of switches 1 and 3 under 20% of full load condition when the proposed one uses boost type snubber. Experimental results reveal that when the discussed boost converter with the single-capacitor snubber is adopted, switches can be operated with zeroswitching transition (ZVT) at turn-off transition. Switches of the discussed one with boost type snubber are operated with ZVS at turn-on transition.
To make a fair comparison, the components of the boost converter with hard-switching circuit, the single-capacitor snubber, and boost type snubber are kept the same as possible. Figure 10 shows measured output voltage and current waveforms of the boost converter with three different snubbers under step-load changes between 0% and 100% of full load with repetitive rate of 0.5 Hz and a duty ratio of 50%. From Figure 10 , it can be observed that voltage regulations of Table 2 : Preliminary comparisons among the different high step-up converters for the PV power system.
Items for comparison
The proposed boost converter with single-capacitor snubber
The proposed boost converter with boost type snubber
The boost converter proposed in [25] The high step-up converter proposed in [27] Key component counts boost converter with hard-switching circuit and the singlecapacitor snubber, respectively. From Figure 12 (b), it can be seen that when switch of one boost converter in the interleaved boost converter is turned on, the diode current of the other boost converter in the interleaved one flows through the switch by the capacitor snubber. Therefore, the boost converter with the single-capacitor snubber will induce an extra turn-on switching loss. The key parameter values of the proposed interleaved boost converters with the singlecapacitor snubber and with the boost type snubber under full-load condition are listed in Tables 3 and 4 , respectively. It can be found from Tables 3 and 4 that switching losses of the proposed converter with the single-capacitor snubber, compared with those of the proposed one with the boost Figure 13 . It shows that the boost converter with boost type snubber can yield the highest conversion efficiency than that with single-capacitor snubber from light load to heavy load. Conversion efficiencies of boost converters under full-load condition with boost type snubber and single-capacitor are 86% and 90%, respectively. Since duty ratios of switches in two discussed PV power conversion systems are less than 0.5, their turns ratios of coupled inductors have higher values. Therefore, a higher current flows through switches of the converter, resulting in a larger switching losses and conduction losses. Therefore, conversion efficiency of the converter in the two discussed PV power conversion systems can be further increased by reducing turns ratio of coupled inductor. Moreover, if the conducted resistances (on) of switches in the converters are reduced, those in the two discussed PV power conversion systems will be increased. That is, a lower conducted resistance (on) of switch can be chosen. In addition, two switches connected in parallel can be used for reducing the conducted resistance. By doing so, conversion efficiency of the proposed converter can be further increased by about 3∼5%.
Since the proposed boost converters with the singlecapacitor and boost type snubbers use the same control method, the measured results for MPPT and power management should be the same. Therefore, only the measured results of the proposed one with the single-capacitor snubber are shown in this paper. From the measured waveforms of voltage PV , current PV , and power PV under PV(max) = 750 W shown in Figure 14 , the tracking time of MPPT realized by the proposed converter with PV arrays as its power source is about 80 ms from 0 to the maximum power of PV arrays. Figure 15 shows the measured waveforms of output voltage and current and under = 350 W, as the power management of the proposed PV power conversion system is operated in mode IV and (max) ≥ . From Figure 15 , it can be seen that output voltages are sustained at 400 V and current is equal to . When the proposed PV power conversion system with the singlecapacitor snubber is operated in mode VI and PV(max) ≥ , measured waveforms of output voltage and currents and under PV(max) = 700 W and = 600 W are shown in Figure 16 , illustrating that their output voltage are clamped at 400 V and current is equal to and PV = 600 W. The operational conditions of the proposed PV power conversion systems in mode VIII of ( PV(max) + (max) ) ≥ can be divided into two conditions: PV(max) ≥ and PV(max) < . The measured waveforms of output voltage , currents , , and under PV(max) = 700 W and = 500 W are shown in Figure 17 . In this operational condition, current is equal to and is equal to 0. That is, the proposed boost converter with MPPT is used to supply power to load and PV arrays are not operated at MPP, while the proposed boost one with voltage regulation is shut down. When PV(max) < , the measured output voltage and currents ,
, and under PV(max) = 400 W and = 700 W are shown in Figure 18 , illustrating that output voltage is still clamped at 400 V and = + . The experimental results show that both of the proposed PV power conversion systems with the single-capacitor snubber and with boost type snubber can implement power management.
Conclusion
In this paper, an interleaved coupled-inductor boost converter with different soft-switching snubbers is proposed for PV arrays applications. To compare the performances of the proposed converter with the single-capacitor snubber or with the boost type snubber, MPPT algorithm, power management, and control design of the proposed PV power conversion system have been firstly described in detail. In addition, a perturbation-and-observation method is used to implement the MPPT algorithm. For further evaluating the performances and feasibilities of the proposed PV power conversion system, prototypes of PV power conversion system with different soft-switching snubbers and with specifications of PV(max) = 1.2 kW and (max) = 1.2kW have been built. Experimental results have shown that the proposed converter with boost type snubber can yield higher efficiency than the ones with the single-capacitor snubber and with hard-switching circuit, where the conversion efficiencies for converter with single-capacitor snubber and boost type snubber are 86% and 90% under full load, respectively. Therefore, the proposed interleaved coupled-inductor boost converter with the single-capacitor snubber is suitable for PV arrays applications with a lower cost, while the proposed one with boost type snubber is applied to PV arrays for a higher conversion efficiency power conversion system.
